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Reaction Products of Chlorine Dioxide
by Alan A. Stevens*
Concern over the presence oftrihalomethanes and other chlorinated by-products in chlorine-
disinfecteddrinkingwaterhas ledtoextensive investigations oftreatment options forcontrolling
these by-products. Among these treatment options is the use of an alternative disinfectant such
as chlorine dioxide. Although chlorine dioxide does not react to produce trihalomethanes,
considerable evidence does exist that chlorine dioxide, like chlorine, will produce other organic
by-products. The literature describes chlorinated and nonchlorinated derivatives including acids,
epoxides, quinones, aldehydes, disulfides, and sulfonic acids that are products of reactions
carried out under conditions that are vastly different from those experienced during drinking
water treatment. Evidence is beginning to emerge, however, that some by-products in these
categories may be produced. Certain specific volatile aldehydes and halogenated derivatives as
determined by the total organic halogen parameter are among those by-products that have been
measured.
Introduction
The study of organic compounds in drinking
watercontinues to be ofintense interest. Extensive
workinthis areaofdrinking waterresearch started
with the disclosure ofthe results of a 1974 study of
New Orleans drinking water where source water
contaminants were still found in treated drinking
water (1). At about the same time, a different
problem wasdescribedintwo papers:trihalomethanes
(chloroform, bromodichloromethane, dibromochloro-
methane and bromoform) were found in finished
drinkingwaters, but were not present atdetectable
concentrations in the source water (2,3). Indica-
tions were that the trihalomethanes were not
typically source watercontaminantsbut wereformed
during the chlorination/disinfection part ofthe treat-
ment process.
Because of concern as to the significance of
formation ofchlorinated organic compounds during
the water treatment process, the United States
EnvironmentalProtectionAgency (USEPA) included
the measurement of these four trihalomethanes in
itsNationalOrganics Reconnaissance Survey(NORS)
of drinking water from 80 selected cities (4). As a
result of analysis of source and finished waters in
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that study, the occurrence of trihalomethanes in
finished drinking water was demonstrated to be
widespread and a direct result of the chlorination
practice. A multitude ofotherstudies has since con-
finned these results. Furthermore, natural humic
material was demonstrated to be precursor to
trihalomethane formation and is present in virtu-
ally all source waters, indicating the ubiquity ofthe
problem wherever chlorination is practiced (5,6).
Because of findings concerning the carcinogenic-
ity of chloroform and the confirmation of the
ubiquity ofchloroform and othertrihalomethanes in
chlorinated drinking water, the USEPA has prom-
ulgated aregulation specifying amaximum contam-
inantlevel(MCL)of0.10mg/l. oftotaltrihalomethanes
(arithmetic sum ofweight concentrations ofCHC13,
CHBrCl2, CHBr2Cl and CHBr3) (7). Utilities must
use available knowledge and technology to adjust
or change treatment processes to reduce higher
concentrations to below the MCL.
Three treatment approaches that can be consid-
ered for preventing trihalomethanes from reaching
the consumer (8) are: (a) remove precursor (humic
material) before chlorination, (b) remove trihalo-
methanes after they are formed, and (c) change
disinfectant. This paper concerns the third option
only, specifically the use of chlorine dioxide as the
alternate disinfectant and focusing on the possible
influence ofthis treatment on the chemical contam-
inants in the finished water.A. A. STEVENS
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FIGURE 1. Trihalomethane formation in clarified Ohio
River water by chlorine dioxide and excess free available
chlorine. Data of Miltner (9).
Early results of work by Miltner (9) to monitor
the time dependence of trihalomethane production
after chlorine dioxide, chlorine, and chlorine diox-
ide with chlorine were separately applied to USEPA
pilot plant settled water are shown in Figure 1. The
upper curve represents the action ofchlorine alone;
the curve coincident with the abscissa represents
the application of chlorine dioxide alone; and the
curve between these two represents the action of
chlorine to form trihalomethanes in the presence of
chlorine dioxide. His results demonstrated two
important points: (a) chlorine dioxide did not cause
the formation of trihalomethanes at a near neutral
treatment pH, although this formation has been
reported in one instance to occur at pH 12 (10), and
(b) chlorine dioxide plus excess chlorine (as is often
the case in water treatment) caused formation of
lower concentrations of trihalomethanes than the
same amount of chlorine alone. Further, other
in-house studies, as well as those reported by
Roberts et al. (11), indicate a yet unexplained
decrease in the trihalomethane yield as the ratio of
applied C102/C12 increases. Therefore, with consid-
eration only to minimizing trihalomethane forma-
tion, chlorine dioxide is a viable alternative to
chlorine as a disinfectant in water treatment.
Chlorine dioxide has been widely used in Europe
as an alternative to chlorine for drinking water
disinfection for some time (12). Although these
operations are considered successful with regard to
disinfection, control oftrihalomethanes through the
use of chlorine dioxide has not been well docu-
mented in most places. The findings reported by
Miltner have been borne out, however, at utilities
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FIGURE 2. Comparisonofchlorine dioxide and free chlorine
demands for Ohio River water.
in Hamilton, OH (13), Louisville, KY (14), Daven-
port, IA and Peoria, IL (15), and Contra Costa, CA
(16). Consideration must still be given, however, to
other by-products that may be formed by chlorine
dioxide treatment.
Considerable evidence exists that chlorine diox-
ide reacts with organic material during water
treatment and therefore is likely to produce by-
products:
* Because chlorine dioxide is agood disinfectant,
some reaction is taking place between the cell
components of the organism and the chlorine
dioxide.
* Chlorine dioxide is a strong oxidant, and sur-
face waters exhibit a chlorine dioxide demand
similar to that for chlorine (Fig. 2) (8).
* At applied chlorine dioxide concentrations
higher than those in drinking water treat-
ment and under different conditions, identi-
fiable by-products of reactions with various
organic materials have been isolated (17,18).
* Chlorine dioxide destroys phenolic compounds
when the oxidant is used for taste and odor
control in water supplies (19).
* Most importantly, as was shown earlier, the
presence ofchlorine dioxide reduces the forma-
tion of trihalomethanes by chlorine. This and
other evidence obtained by Miltner (9) indi-
cates that chlorine dioxide reacts with natural
humic acid. This is not at all surprisingbecause
chlorine dioxide is used in the paper industry
for delignification of wood pulp and is some-
what effective for reducing color in drinking
water supplies.
Before an accurate estimate can be made of the
relative safety of the two oxidants with regard to
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the formation of organic by-products, a detailed
investigation and identification of the products
formed during disinfection with both chlorine and
chlorine dioxide is necessary. The purpose of this
paper is to consider briefly the possible organic
by-products arisingfromthe use ofchlorine dioxide
as a disinfectant in drinking water treatment,
review available data demonstrating the presence
of organic by-products, and briefly discuss the
formation of inorganic end products unique to the
use of chlorine dioxide. The paper is also intended
to be an update ofthe state ofknowledge presented
earlier elsewhere (20). Presenting the reactions of
chlorine dioxide in perspective with the reactions of
chlorine when both are applied under the same
circumstances is informative.
Organic Reactions of
Chlorine Dioxide
Although the literature describing the organic
reactions of chlorine dioxide is brief, numerous
products of oxidation and chlorination by chlorine
dioxide are described. However, the majority of
this literature describes chlorinated and nonchlori-
nated derivatives, including acids, epoxides, qui-
nones, aldehydes, disulfides, and sulfonic acids,
that are products of reactions carried out under
conditions vastly different from those experienced
at water treatment plants. This paper discusses
only a few reaction types that are known or
suspected to be important in water treatment
practice on the basis of some experimental evi-
dence. A more complete review ofchlorine dioxide
chemistry is available elsewhere (17,18). The possi-
ble reactions with saturated aliphatic hydrocar-
bons, olefins, amines, and aromatic compounds
(especially phenols) are in the group of likely
reactions in dilute aqueous solution. In all examples
presentedforchlorinedioxidereactions, theauthors
claimed that the applied chlorine dioxide was freeof
chlorine or hypochlorite when applied.
Reactions with Saturated
Aliphatic Hydrocarbons
No evidence exists that either chlorine dioxide or
chlorineundergoesreactionswithsaturatedaliphatic
hydrocarbons under water treatment conditions.
The question ofwhether or not free chlorine reacts
with saturated aliphatic hydrocarbons in aqueous
systems to form chlorinated derivatives frequently
arises because ofthe presence ofmethane in many
groundwaters, and the root name "methane" in
"trihalomethane" implies to some that such reac-
tions take place. Such reactions offree halogenwith
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aliphatic hydrocarbons require a free radical mech-
anism, however, and are improbable in aqueous
systems where chlorinated derivatives are formed.
The trihalomethane formation can be more readily
explained by the classical haloform reaction with
methyl ketones. However, the classical haloforn
reaction is not the complete explanation because
certain phenol derivatives, notably resorcinol, do
react quite readily with aqueous chlorine to pro-
duce chloroform. The relationship of these reac-
tions to those of humic materials with chlorine has
been under intense investigation (21) and has been
reported in part by Johnson (22). Reactions of
humic materials with chlorine dioxide are discussed
in more detail below.
Reactions with Alkenes
Chlorine canreactwithalkenesbyadditionacross
the double bondto produce saturated dichloroderiv-
atives. A more likely course in aqueous systems,
however, is to produce chlorohydrins by reaction
with hypochlorous acid (23).
The reactions ofchlorine dioxide with alkenes are
apparently very complex and produce a host of
chlorinated and nonchlorinated products. Methyl
oleate is reported to react at the double bond site
to produce aldehydes, the epoxide, chlorohydrin, a
dichloro derivative, and a-chloro and a-unsaturated
ketones. Thealdehydeformationseemstobesubject
to argument: Leopold and Mutton (24) reported
aldehyde formation by chlorine dioxide cleavage of
the double bond in triolein (the triglyceride ofoleic
acid), and Lindgrenand Svahn(25)didnotfindalde-
hydes after chlorine dioxide reaction with methyl
oleate.
Cyclohexene in aqueous mixture with pure chlo-
rinedioxide hasbeenshownbyLindgrenand Svahn
(26) to produce a similar complex mixture: adipic
acid, cyclohexene-3-one, 3-chlorocylohexene, 1,2-
epoxycyclohexane, trans-2-chlorocyclohexanol, 2-
chlorocyclohexanone and trans-1,2-dichlorocyclo-
hexane. Note that at least the last three ofthese
products are the same as would be expected from
reaction ofcyclohexene with chlorine.
Reactions with Amines
Aqueous chlorine and chlorine dioxide react very
differently with amines. Chlorine reacts with ammo-
nia and primary and secondary amines to produce
the well-recognized chloramines by replacement of
hydrogen. Tertiary amines are a special case; their
reactionwith chlorineproduces achloramine and an
aldehyde (23). Chlorine dioxide, however, does not
react with ammonia and reacts only slowly with
primary amines. In general, amines produce the104
respective aldehydes upon reaction with chlorine
dioxide in the following order ofreactivity: tertiary
> secondary >primary. Chlorine dioxide does not
react with ammonia to form chloramines.
Reactions with Aromatic Compounds
The best known reactions of aqueous chlorine
with aromatic compounds in the water treatment
field are those that occur with phenols. Chlorine
reacts rapidly with phenol to form 2- or 4-mono-;
2,4-and2,6-di-, and2,4,6-trichloroderivatives (23,27).
These compounds are highly odorous and are slowly
decomposed by excess chlorine. Other phenolics
and substituted aromatics can also be chlorinated.
The formation ofodorous chlorophenols by chlorine
treatment is one of the chief reasons that chlorine
dioxide has been used as an alternative in drinking
water disinfection applications (19).
Chlorine dioxide asusuallyusedindrinkingwater
treatment does not seem to cause formation of
odorous compounds with phenol but, through a
complex mechanism, forms quinones and chloro-
quinones, and when in excess, oxalic and maleic
acids (18). As with alkenes, chlorine substitution in
the products, however, is not entirely absent. Chlo-
rine dioxide treatment ofphenols cancause chlorine
substitution or ring cleavage or both, depending on
the particular phenol reacted and the conditions of
the reaction. The chlorinated products formed by
phenol reaction with chlorine dioxide will generally
be ofdifferent structure and are eitherless odorous
orareformedinmuchloweryieldthanthoseformed
by phenol reaction with chlorine. In other reac-
tions, chlorine dioxide reacts at pH 4 with vanillin
to give the nonchlorinated ,-formylmuconic acid
monomethyl ester. Vanillyl alcoholreacts atlowpH
to produce both a chlorinated quinone and a non-
chlorinated product ofringcleavage. Veratryl alco-
hol produces 4,5-dichloroveratrole. This is one of
the products expected from chlorination ofveratryl
alcohol (18).
Some of the more detailed investigations of the
reactions of chlorine dioxide with phenols have
been accomplished by Glabisz and by Paluch at the
Polytechnic University, Szczecin, Poland. A gener-
alization forthe reaction type (ring cleavage orring
retention with or without chlorine substitution) has
been given by Glabisz (28). Glabisz states that, at
least at concentrations of 1 mg/l. and above, reac-
tion products of phenols form two characteristic
groups. The first is the group in which the ring
structure is retained and the end products are
quinones. This group is made up ofp-dihydric and
monohydric phenols that are not para-substituted.
The second group is characterized by those phenols
that undergo ring cleavage to give carboxylic acids
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as end products. Examples include para alkyl phe-
nols and ortho or meta dihydric phenols.
In general, monohydric phenols reacting with
chlorine dioxide undergo chlorination along with
oxidation, and those of the first group form the
chloroquinones as well as chlorophenols. Glabisz
considers this to be somewhat similar to the reac-
tion of chlorine with these phenols. Although chlo-
rine dioxide tends to favor oxidation over chlorina-
tion, the relative amounts of chlorinated versus
oxidized products depend on the relative amounts
of both chlorine dioxide used and phenols present.
Excess chlorine dioxide favors oxidation.
Measured Individual Organic
Compounds: EPA Studies
Because of the potential for undesirable by-
product formation resulting from chlorine dioxide
disinfection of drinking water, an in-house investi-
gation was begun at the USEPA Cincinnati labora-
tory to determine if by-products of the type pre-
dicted by the literature (where reactions described
were carried out at generally higher concentrations
of chlorine dioxide and substrate) would prevail
under drinking water disinfection conditions. This
work was carried out in two phases: a search ofgas
chromatographic data for differences in purgeable
compounds found in chlorine dioxide-treated and
untreated waters, and development and use of a
more elaborate analytical scheme, including evapo-
ration under vacuum and derivatization, to detect
products ofamore diverse nature, specificallythose
expected from reactions of phenolic compounds.
Results ofthis work tend to support some ofthe
general conclusions resulting from extrapolation of
information in the literature given above.
PhaseI-Aklehydes. Two classes ofcompounds
(amines and alkenes) were discussed earlier that
could yield aldehydes as end products of chlorine
dioxide oxidation under the proper reaction condi-
tions. Although these aldehydes could react with
chlorite (also present) at low pH to produce acids,
these reactions should be slow at water treatment
pH values.
Theseobservations suggestthatifcertainorganic
substrates are present in a source water, chlorine
dioxide treatment should cause an increase in the
concentrations ofthe respective aldehydes. Prelim-
inary results of some of our in-house work indicate
that this may be occurring. Care must be taken,
however, ininterpretingthe quantitative aspects of
these data. These data were extracted from some
early screening studies with chlorine dioxide in
which gross treatment changes were sought.
The methods used in this phase are weli docu-REACTION PRODUCTS OF CHLORINE DIOXIDE
mented elsewhere and will not be described in
detail here. Briefly, the stock solutions of chlorine
dioxide were prepared by oxidation ofsodium chlo-
rite; chlorine solutions from the pure gas, and stan-
dardization of both oxidants were by procedures
selectedinpreviousstudiesbyMiltner(9,29). GCIMS
analysis ofreaction mixtures was by the purge-and-
trap method exactly as described by Coleman (30).
Coleman's method limited expected product identi-
fications in this phase to only the most volatile
species.
In the first part of the phase 1 study, two gas
chromatograph/massspectrometer(GC/MS)totalion
current profiles (TICP) (Fig. 3) were obtained to
indicate compounds purged from samples of Ohio
River water. One sample had been treated with
chlorine dioxide, andtheotherwasuntreated. Some
compounds appear to be higher in concentration in
the treated sample than in the untreated sample,
and some new compounds appear in the treated
sample. Many ofthese were identified as aldehydes
by theirrespective mass spectra. Because the chlo-
rinated compounds are present in such large con-
centrations compared to the aldehydes, apparent
changesinaldehyde concentrations canbeobserved
more clearly after additional data manipulation. A
fragment ion common to the mass spectra of low
molecular weight aldehydes, but not present in the
mass spectra of the chlorinated compounds, was
selected. The extracted ion current profile (EICP)
TOTAL ION CURRENT
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for this ion, mle 29, was then plotted (Fig. 4) for
both treated and untreated river water, and the
peaks correspondingto somealdehydes arelabeled.
In computerized output GC/MS data, the largest
peak in the proffle is 100% of full scale, and other
peaks are nornalized to it. Inthese EICPs (Fig. 4),
peak heights ofdiethyl ether(which also has an mie
29fragment)wereadjustedtobeequivalent, because
diethyl ether was assumed not to change in concen-
trationwithtreatment. Thehalogenatedcompounds
are not represented in these plots, and the compar-
ativelyhigheraldehyde peaks inthe treated sample
are clearly evident.
A similar set ofchromatograms was obtained for
an untreated source water (Ohio River) and a cor-
responding chlorinated tap water. The increase in
chloroform concentration is obvious from the TICP
(Fig. 5). The mle 29 EICP does not show the
obviousdifferencesinaldehydeconcentrationscaused
by chlorine dioxide treatment (Fig. 6). Although
these samples are not necessarily derived from
source water identical to that used in the C102
treatment experiment (above), the results of the
chlorination work are typical of those obtained in
manyreplicate chlorination experiments performed
over time using Ohio River water as a source.
As mentioned above, caution must be employed
before generalizingfromthese screeningstudies. If
aldehyde formation is considered important, con-
siderably more analytical workisrequired to obtain
FIGURE 3. Volatile organic compounds in untreated and
chlorine dioxide treated Ohio River water detected by
GC/MS, total ion current profile.
FIGURE 4. Volatile organic compounds in untreated and
chlorine dioxide treated Ohio River water detected by
GC/MS, mie = 29 extracted ion current output.106
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FIGURE 5. Volatile organic compounds in untreated and
free chlorine treated Ohio River water detected by
GC/MS, total ion current profile.
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FIGURE 6. Volatile organic compounds in untreated and
free chlorine treated Ohio River water detected by
GC/MS, mie = 29 extracted ion current profile.
a good quantitative estimation of these compounds
and to adequately assess the magnitude and gener-
ality of the observed changes.
Phase 2-By-products from Phenol. Phenol
was selected as the model compound for the begin-
ning of the second phase primarily because of the
supposed polyphenolic nature of humic materials,
which are trihalomethane precursors that make up
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a large fraction of the organic material present in
natural waters where trihalomethane formation is a
problem (31).
Oxidant solutions were prepared for the second
phase work in the same manner as for phase 1.
After treatment ofthe phenol solutions, remaining
oxidant residuals were chemically reduced with
sodium sulfite. Concentrated ethyl ether extracts
were chromatographed after treatment with diaz-
omethane. Routine monitoring ofreaction mixtures
and quantitation of products was by flame ioniza-
tion detection. Confirmation ofidentification was by
GC/MS analysis ofthe same extracts. Spectralinter-
pretation and GCretentiontimeswereallconfirmed
by comparison with authentic standards on the
same instruments.
In one experiment, phenol was exposed to vary-
ingmolarratios ofchlorine dioxide. The data (Table
1) show that chlorophenols were produced at low
molar ratios (4/5) of chlorine dioxide to phenol.
Higherratios (14/5 and 14/1) did notproduce chloro-
phenols but favored hydroquinone formation. This
product distribution withvaryingoxidant/substrate
ratio was expected to some extent based on the
literature (20,28,32,33). Although odorous chloro-
phenolic materials can be avoided in drinking water
through the use of chlorine dioxide (18), the data
suggest that this may not occur ifinsufficient chlo-
rine dioxide is used. Other expected organic by-
products such as oxalicandmaleicacids, and2, 6-and
2,5-dichloro-p-benzoquinone, discussed earlier, were
not immediately identifiable, although total organic
carbon concentration data indicated that the phenol
was not completely converted to carbon dioxide. To
date, no compounds found in the phase 2 experi-
ment nor similar compounds in this category that
were not present in the untreated sample have
been identified in chlorine dioxide-treated natural
waters. Detection limits (calculated as phenol) were
estimated to be in the range of 5 to 10 ,ug/l.
Extensive studies of humic and fulvic acid solu-
tions are currently underway at the University of
North Carolina where chlorine dioxide demand and
chlorine dioxide degradation experiments are being
carried out on aquatic humic materials. Reactions
of chlorine dioxide with fulvic acids are apparently
slower (or have lower long term oxidant demand)
thanthoseofchlorine, anddegradationexperiments
with chlorine dioxide must be carried out initially
under conditions designed to "force" the reactions
(34).
Organic Halogen
Finding individual identifiable species from the
chlorine dioxide treatment was not necessarily
expected in this work because of the polymeric
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". --ITable 1. Products resulting from chlorine dioxide treatment of phenol.
Yield from phenol, %a
C102/phenol o-Chloro- Phenol 2,4-Dichloro- p-Chloro- p-Hydro- Total
mole/moleb phenol (recovered) phenol phenol quinone recovery
4/5 11 30 0.3 13 3.6 58
14/5 NFC NF NF NF 7.2 7.2
14/1 NF NF NF NF 45 45
aReaction time, 4 hr.
bIn mg/I., 4/5 = 43.5/75; 14/5 = 150/75; 14/1 = 164/16.
CNone found.
Table 2. Reaction of humic acid with chlorine and chlorine dioxide.
Oxidant/C ratio, Cl2/ClO2 doses, Reaction Organic halogen,
mole/mole mg/l. time, hr CHCl3, Wg/l. ,ug/l. as Cl-
C12/C
1/3 3.8 1 39 198
5/3 19.4 1 32 278
C102/C
1/15 0.75 1 0.4 23
1/3 3.7 2 1.6 52.5
nature ofthe natural humic material in contrast to
the monomeric phenol model. A pyrolysis technique
was therefore used to measure the total substituted
organichalogen (OX) onthesehighmolecularweight
nonvolatile materials (35-37). Experimental proce-
dures performed prior to the OX analysis were
essentially those referenced or described above.
Humic acid solutions were prepared and buffered in
the manner described by Stevens et al. (5,38). To
investigate the possible formation of these higher
molecular weight chlorinated species that could not
be identified by gas chromatographic techniques,
chlorine dioxide was added to humic acid at two
different chlorine dioxide to carbon (C102/C) ratios.
To compare yields of substituted organic halogen,
two reaction ratios with corresponding electron
equivalents to chlorine were included in the exper-
iment. That is, the molarratios 1/15and 1/3 selected
for C102/C correspond to the molar ratios 1/3 and
5/3, respectively, selected for chlorine (Table 2).
The basis for this correspondence is that chlorine
dioxide reducing to chloride requires five electrons
per chlorine atom, whereas chlorine reducing to
chloride requires only one electron per chlorine
atom. These ratios were selected eventhough some
portions ofthechlorinedioxidearetypicallyreduced
only to chlorite.
According to the chlorination data (Table 2), with
a 1-hr reaction time, the organic halogen yield is
muchhigherthanthechloroformyieldandincreases
with chlorine dose, the chloroform concentration
remaining essentially constant. Chlorine dioxide
produced some (but less) organic halogen and, as
expected, an insignificant concentration of chloro-
form. The trend toward less halogen substitution at
the higher C102/C ratio, observed with phenol, was
not observed here; this experiment is not definitive,
however, because alongerreactiontimewasallowed
at the higher chlorine dose.
Factors influencing organic halogen yields from
all disinfectants are currently under careful inves-
tigation in the USEPA Cincinnati laboratory. Par-
tial results of these studies at two oxidant doses
and 5 mg/l. sodium humate solution are shown in
Tables 3 and 4. From Table 3 a general trend to
decreasing organic halogen yield with increasing
pH at the 10 mg/l. chlorine dioxide dose level at
each temperature can be seen. No significant effect
oftemperature can be seen, probably because these
reactions are essentially complete within the 2-hr
reactiontime (see below). Similarresults are shown
inTable 4 atthe20mg/l. chlorine dioxide dose level.
Somewhat higher organic halogen yields were ob-
served at the higher chlorine dioxide dose.
In general, the organic halogen by-products of
chlorine dioxide treatment were "instantaneously"
formed at less than 7% of the maximum formed
under similar conditions by chlorine. Concentra-
tions of organic halogen from the chlorine dioxide
reaction did not increase with time (up to 160 hr)
beyond the initial sampling at 2 hr. This rapid
formation of maximum organic halogen concentra-
tions may correspond to the rapid initial oxidant
demand reported by Colclough (34) also observed in
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Table 3. Organic halogen formation with C102 dose of 10 mg/l. to a 5 mg/l. sodium humate solution.
Average organic halogen, pug/l.
pH 40C 200C 360C
5.4 26 23 25
7.3 10 10 9
11.5 NDa ND 5b
'Not detected above blank value.
bTwo positive of six samples.
Table 4. Organic halogen formation with C102 dose of 20 mg/I. to a 5 mg/I. sodium humate solution.
Average organic halogen, ,ug/l.
pH 60C 200C 360C
5.6 35 40 36
7.5 36 27 25
11.5 8 8 11
Table 5. Inorganic chlorine dioxide by-products.a
Initial concentration Final concentration
Species mg/l. mg/l. as Cl- mg/l. mg/l. as C1- C102 demand, %
C102 1.5 0.8 0 0 -
C102- - - 0.7 0.4 50
C103- - - 0.4 0.2 25
C1- 17.9 17.9 18.1 18.1 25
Totals - 18.7 - 18.7 100
al.5mg/I. C102 added to Ohio River water which was coagulated, settled, dual-media filtered. Contact time was 42 hr; pH was 7.1.
these studies; this is in contrast to chlorine reac-
tions, wherein a steady increase in organic halogen
concentrations over a period of days is observed
(39). In all cases, oxidant residual persisted for the
duration of the experiment.
Inorganic By-Products
As noted above, when chlorine dioxide reacts
with organic compounds to oxidize them, the by-
product chlorite (C102-) is formed. Furthermore, as
chlorine dioxide disproportionates in water, both
chlorite and chlorate (C1031 are formed as by-
products. The relative proportion of these by-
products was determined during a study reported
elsewhere by Miltner (29), in which 1.5 mg/l. of
chlorine dioxide was added to Ohio River water
that had been treated in a pilot plant. The data in
Table 5 show that approximately 50% of the origi-
nalchlorine dioxide wasconverted tochlorite, about
25% to chlorate, and approximately 25% to chlo-
ride. Thus, when chlorine dioxide is used as an
alternative disinfectant, the health significance of
inorganic anions otherthan chloride (the sole major
inorganic by-product of chlorine treatment) must
beconsidered. Theseinorganicby-productsareunique
to chlorine dioxide.
Summary
Inspection ofthe available literature reveals that
adetailedinvestigationofthe aqueousorganicchem-
istryofchlorinedioxide and systematicidentification
of products formed during water disinfection has
not been considered. This must be done before an
informed assessment can be made of the relative
safety of using chlorine dioxide as a disinfectant
alternative to chlorine.
Althoughtrihalomethanes are generallynotformed
by the action of chlorine dioxide, the products of
chlorine dioxide treatment oforganic materials are
oxidized species, some of which also contain chlo-
rine. The relative amounts of species types may
depend on the amount of chlorine dioxide residual
maintained and the concentration and nature oftheREACTION PRODUCTS OF CHLORINE DIOXIDE 109
organic material present in the source water. The
trend toward lower concentrations of chlorinated
by-productswithincreasingC102concentration, which
was observed with phenols, has not been observed
with natural humic materials as measured by the
organic halogen parameter. Organic halogen con-
centrations have been shown to increase with
increasingchlorine dioxidedose, butaremuchlower
than those observed when chlorine is applied.
Aldehydes have been detected as apparent by-
products ofchlorine dioxide oxidation reactions in a
surface waterthat is adrinking water source. Some
other nonchlorinated products of chlorine dioxide
treatmentmaybequinonesandepoxides. Theextent
offormation ofthese moieties within the macromo-
lecular humic structure is also still unknown.
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